Antisera were prepared in rabbits against whole organisms of colony type 1 Neisseria gonorrhoeae strains F62 and B (from gonococcal urethritis) and 7122 (a strain typical of those associated with disseminated gonococcal infection), and against purified outer membrane components from the same strains including pili and principal outer membrane protein. Antibody levels to pilj, principal outer membrane protein and lipopolysaccharide were determined using a quantitative enzyme-linked immunosorbent assay. Each antiserum was heat-inactivated and tested for opsonic activity in a quantitative assay of phagocytosis. Each whole-organism antiserum was opsonic for its homologous strain, and this immuneenhanced phagocytosis was decreased by adsorption with homologous purified outer membrane components : pili B lipopolysaccharide P principal outer membrane protein.
I N T R O D U C T I O N
The immune mechanisms capable of conferring protection against gonococcal infection have not been clearly defined. Potential roles have been suggested for bactericidal antibodies (Brooks et al., 1976; Buchanan et al., 1978; Kasper et al., 1977; McCutchan et al., 1976; , for local secretory antibodies blocking attachment (O'Reilly et a!., 1976; Tramont, 1977) , and for opsonic antibodies (Ofek et al., 1974; Penn et al., 1977) . That the latter might play a significant role is supported by the observation that virulent Type 1 organisms are more resistant to phagocytosis (Blake & Swanson, 1975; Dilworth et al., 1975; Punsalang & Sawyer, 1973) and that opsonic antibody is acquired in some patients with gonorrhoea (Bisno et al., 1975) . However, not all investigators have been able to demonstrate such antibody (Roberts, 1977) . Furthermore, apparent survival of gonococci inside phagocytic cells has been reported (Evans, 1977; Witt et al., 1976) suggesting that phagocytosis might occasionally lead to a focus for persistent infection.
To better define immune-enhanced phagocytosis of gonococci, we examined three specific t surface components and their interaction with opsonins for each of three different strains of Neisseria gonorrhoeae. Two strains were isolated from patients with acute gonococcal urethritis (strains F62 and B) and the third isolate was typical of those associated with disseminated gonococcal infection (strain 7 122). Strain 7122 had the characteristic principal outer membrane protein (POMP) antigenic type (1975) and was resistant to killing by normal human serum (Schoolnik et al., 1976) , as reported for strains causing disseminated gonococcal infection (Knapp & Holmes, 1975) and/or asymptomatic urethral infection in males (Crawford et al., 1977) . The surface components investigated were pili, POMP and lipopolysaccharide (LPS) ; in competitive inhibition tests the relative ability of each of these antigens to interact with opsonins was found to be pili 9 LPS 9 POMP.
METHODS
Strains of Neisseria gonorrhoeae. Strains which had been isolated from the urethra, cervix or pharynx of patients with gonococcal infection, and stored at -70 "C in 5 % (w/v) monosodium glutamate, 5 % (w/v) bovine serum albumin, were selectively subcultured until more than 90 % of the colonies were stable as Type 1 colony types (Kellogg et al., 1963) . Each strain was characterized as N. gonorrhoeae by oxidase, Gram stain and sugar fermentation reactions (Bodily et al., 1970) . Minimal inhibitory concentrations for penicillin and nutritional requirements were determined according to Knapp & Holmes (1975) . Strain 71 22 (an endocervical isolate) was typical of strains causing disseminated gonococcal infection @GI) in that it was resistant to the bactericidal activity of normal human serum (Schoolnik et al., 1976) , had a common POMP serotype seen in about 90% of DGI strains , had a minimal inhibitory concentration for penicillin of G0.015 pg ml-l (Wiesner era)., 1973), and required arginine, hypoxanthine and uracil for growth (Crawford et ul., 1977; Knapp & Holmes, 1975) . The other two strains, B and P62, lacked this growth requirement, were relatively resistant to penicillin with minimal inhibitory concentrations 2 0-125 pg ml-l, and were sensitive to the bactericidal activity of normal human serum. Each of the three strains had antigenically different pili (Buchanan, 1978) , POMP (Buchanan et ul., 1978) and LPS (N. L. von Jeney & T. M. Buchanan, unpublished results) .
Purification of outer membrane components. Pili were isolated from type 1 organisms and their purity was assessed after labelling with lZ5I as described by . Pili were used for immunization or in competitive inhibition experiments only if the ratio of radiolabelled pili to any contaminating protein, as determined by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis, was 2 10: 1. These pili contained < 0.5 % LPS by weight compared with total protein, as evaluated by assay for 2-keto-3-deoxyoctulosonic acid (KDO).
POMP was isolated from gonococcal outer membranes by a modification of the method of Johnston et al. (1976) . The resulting protein contained < 4 % LPS by weight compared with total protein, as judged by assay for KDO, and consisted of > 90 % POMP on SDS-polyacrylamide gel electrophoresis (Buchanan et al., 1977 ; . The LPS used for competitive inhibition experiments, for rabbit immunization and for coating ELISA tubes was isolated from gonococcal outer membrane preparations by suspending them in a 1.5 % (w/v) sodium deoxycholate, 5 m-EDTA, 50 m-glycine buffer, pH 9.0, followed by chromatography on a Sepharose 6B (Pharmacia) column as described for the isolation of POMP . The LPS-containing fractions were collected and the LPS was precipitated in 80 % (v/v) ethanol, resuspended in the same buffer, and passed over a 1-5 x 90 cm Sephadex G-75 (Pharmacia)
column. The LPS-containing fractions were again collected and the LPS was reprecipitated in 80 % ethanol and dried. LPS prepared in this manner was free of detectable protein, as assessed by SDS-polyacrylamide gel electrophoresis stained with Coomassie Blue and by the method of Lowry using bovine serum albumin (Sigma) as a standard. Preparation of antisera. Female rabbits were immunized by intramuscular inoculation of whole formalintreated type 1 organisms in complete Freund's adjuvant containing 2mg bacterial protein . When a purified outer membrane component was the immunogen, 1OOpg pili protein, 1OOpg POMP protein or 100 to 200pg LPS was substituted for the whole organisms. Each rabbit was boosted after 3 weeks with the same antigen in incomplete Freund's adjuvant, and then weekly until high antibody levels were obtained, as assessed by capillary precipitin or slide agglutination reactions. Serum was collected 5 to 7 d after the final booster dose. The serum was filter-sterilized, heat-inactivated (56 "C for 30 min) and stored at -70 "C in 1.0 ml portions until used.
Phagocytic assay. Phagocytosis of gonococci by mouse peritoneal macrophages was measured as previously
Immune-enhanced phagocytosis of N. gonorrhoeae 367 described (Jones 8c Buchanan, 1978) . Briefly, 3H-labelled type 1 gonococci were incubated with a specific antiserum at a final concentration of 2 % (v/v), or with an equivalent volume of phosphate buffered saline (PBS), in tissue culture medium containing 10 % (v/v) heat-inactivated foetal-calf serum for 15 min at 37 "C.
This gonococcal suspension was then added to a 35mm Petri dish containing a coverslip coated with 14C-labelled macrophages. The number of macrophages per coverslip was approximately 3 x lo6 and the number of gonococci in the 2.0 ml suspension ranged from 5 x los to 5 x lo7, After incubation with gentle swirling at 36 "C for 15 min, the coverslip was rinsed with PBS at 4 "C. The gonococci and the macrophages were solubilized and the activity of 3H and 14C was recorded. The specific activities of the macrophages and the gonococci were determined, and the number of colony-forming units (c.f.u.) per macrophage was calculated for each coverslip. Coverslips without macrophages were used to control for the non-specific adherence of gonococci to glass. The standard deviation from the mean for the three coverslips in each experimental group never exceeded 30 % of the mean and was usually approximately 10 % of the mean. In the competitive inhibition experiments, 1.0 ml 20 % (v/v) antiserum in PBS was incubated with pili, POMP or LPS at 4°C for 2 h prior to addition to the 3H-labelled gonococci. ELISA for POMP, pili and LPS antibody levels. Purified antigens at concentrations of 2 pg ml-l were used to coat polystyrene tubes and an enzyme-linked immunosorbent assay (ELISA) was performed on dilutions of the antiserum in PBS containing 0.05 % (v/v) Tween 20 (Buchanan, 1978; . The range of dilutions was from 1 : 100 to 1 : lOOO00, and the dilution giving a specified absorbance reading when the results were plotted on semi-logarithmic paper was used for comparative purposes. The details of the pili-specific ELISA have been described previously (Buchanan, 1978) and the POMP-specific ELISA and LPS-specific ELSA were similarly performed.
Afinity chromatography. Pili were coupled to CNBr-activated Sepharose CL4B (Pharmacia) (300 mg CNBr per ml packed beads) by the method of Livingston (1974). Following incubation with pili for 18 h at 4 "C, the beads were washed with 25 vol. 1 M-NaCl and then incubated with 1 ~-glycine in 0.2 M-NaHCO,, pH 9.0, for 2 h at room temperature to mask any remaining activated groups. The beads were then washed with 100 vol. 1 M-NaCI followed by 100 vol. distilled water and resuspended in PBS. Small columns containing 2 ml Sepharose with covalently linked pili were poured in glass (Pasteur) pipettes, and antiserum to either whole organisms or purified pili was incubated in the column overnight at 4°C. After collecting twice the original volume of antiserum, the column was washed with 5 column vol. PBS. Then 4 ml 3 M-NaI, pH 6.8, was passed over the column. The column was washed twice with PBS, and a total of 10ml eluate was collected, The NaI eluate was dialysed against 0-15 M-NaCI, 0-01 M-NaH,PO, buffer, pH 7.0, for 18 h and pervaporated to a final volume of 2ml. The columns were finally washed with 10 column vol. PBS and stored in PBS, 0.02 % sodium azide. Control columns were prepared by coupling crystalline bovine serum albumin (Sigma) to CNBr-activated Sepharose CL-4B as described above and were run in parallel to the pili columns.
f.-(ab?,fragmenrpreparalion. Immunoglobulin G, specific for F62 pili, was prepared from whole antiserum to F62 pili by ammonium sulphate precipitation followed by passage over a DEAE-cellulose column (Livingston, 1974) . The IgG (10 mg rn-l) was cleaved using pepsin (Worthington Biochemical Corp., Freehold, N.J., U.S.A.) according to the method of Nisonoff & Rivers (1961) . F(ab'), fragments, following dialysis against the column buffer (0.1 M-Tris/HCI, 0.2 M-NaCI, 0.002 M-EDTA, pH 7-7), were purified according to the method of Stanworth & Turner (1978) which consists of passing the mixture over a Sephadex G-150 (Pharmacia) column followed by re-chromatography of selected fractions over a Sephadex G-200 column. Antigen-binding activity and confirmation of the absence of an Fc region were demonstrated by Ouchterlony immunodiffusion precipitation using purified pili and antiserum to the Fc region of IgG (Miles Laboratories).
R E S U L T S
Competitive inhibit ion of opsonization As non-piliated gonococci are readily phagocytosed even in the absence of antisera, and piliated gonococci are almost totally resistant to phagocytosis in the presence of heatinactivated normal rabbit serum (Dilworth et al., 1975; , the opsonic activity of a given serum can only be demonstrated with well piliated organisms. Therefore, each phagocytosis experiment was performed with organisms that had been selectively subcultured for 3 d previously to enhance piliation. Maximum opsonic activity of a given serum was demonstrable when > 95% of the gonococci phagocytosed were piliated, and the bacterial concentration was approximately 20 to 50 gonococci per macrophage. With larger concentrations, non-piliated gonococci within the suspension were phagocytosed, and the differences in opsonic activity between immune and normal rabbit sera were reduced. Heterologous antisera produced 10 to 50% of the opsonization of homologous antisera. Therefore, homologous antisera were used to evaluate which surface components of gonococci were reacting with opsonic antibodies. The increase in c.f.u. per macrophage obtained with immune serum represented increased phagocytosis rather than increased surface attachment, since inhibitors of phagocytosis blocked this increase .
Homologous pili were effective in inhibiting ( 3 70 yo) but not abolishing the opsonic activity of antisera prepared against whole organisms of strains B and F62 (Table 1) . However, the same quantity of pili was less effective at inhibiting (20%) the opsonization of strain 7 122.
Heterologous pili used in* the same concentration as homologous pili produced no inhibition (Table 2) suggesting a considerable antigenic specificity to the opsonic activity of each rabbit anti-pilus antiserum.
Preincubation of 1-5 mg of homologous purified, protein-free LPS in 1.0 ml of a 1 : 5 dilution in PBS of antiserum prepared against whole organisms resulted in some inhibition ( a 37%) of opsonic activity in the homologous antiserum for all three strains tested (Table 3 ). This inhibition was reduced to 2 20 yo when 0.15 mg of homologous LPS was used to inhibit phagocytosis (Table 3 ). Heating the LPS at 100 "C for 30 min did not significantly reduce its ability to inhibit opsonization. Inhibition of opsonization by Immune-enhanced phagocytosis of N. gonorrhoeae 369 t Each result represents the mean for three coverslips; the standard deviation was always 6 3 0 % of the mean. Columns A and B represent two separate experiments on different days; the difference in results between the columns is probably due to differences in the exact extent of piliation and the ratio of bacteria to macrophages. Thus, results are only comparable within each column.
heterologous LPS was variable, but in general it correlated with whether the heterologous LPS shared antigenic determinants with the LPS of the test strain.
Purified heterologous POMP in amounts up to 1 mg produced < 15% inhibition of opsonization for each of the three strains tested.
Opsonic activity of specific antisera Antiserum prepared against whole type 1 organisms was uniformly opsonic and contained antibodies measurable by ELISA against three major surface antigens -POMP, pili and LPS (Table 4 ). Antiserum to purified pili was equally opsonic for each of the three strains tested, and the opsonic effect was equal or superior to that produced by antiserum result represents the mean for three coverslips; the standard deviation was always 6 3 0 % of to whole organisms. Homologous anti-POMP antiserum, which contained very low levels of anti-pilus antibody, was not more opsonic than normal rabbit serum for F62, and showed only slight opsonic activity for the other two strains (Table 4) . Purified LPS proved to be a poor immunogen in the system used and resulted in lower levels of antibody to LPS than those obtained in corresponding anti-whole organism antiserum. Therefore, the role of LPS as an antigen to react with opsonins was evaluated only by inhibition of the opsonic activity of anti-whole organism antisera using highly purified LPS (Table 3) .
R. B. JONES A N D O T H E R S
Opsonic activity of purijied antibody to pili Purified antibody to pili, prepared by affinity chromatography, showed no activity against either LPS or POMP as measured by ELISA. This purified antibody to pili was opsonic for its homologous strain. The amount of immune-enhanced phagocytosis produced by antiserum to whole organisms or by purified antibody to pili correlated with the amount of antibody to pili in each antibody preparation (Table 5) .
Opsonic activity of F(ab') fragments
The F(ab')2 fragments of IgG antibody to pili had little or no opsonic activity for F62 piliated gonococci (Table 6 ). This indicates that the opsonic activity of the IgG of anti-pilus antibody is mediated via recognition by human polymorphonuclear leucocytes of the Fc Immune-enhanced phagocytosis of N . gonorrhoeae 37 1 portion of IgG molecules bound to gonococcal pili. Thus, intact IgG antibody molecules to pili are opsonic, but pilus-binding F(ab'), fragments are not opsonic. If pili were nonspecific inhibitors of phagocytosis, F(ab'), might be expected to nullify the antiphagocytic effect. Such an effect of F(ab'), fragments was not observed (Table 6) , and heterologous pili added to phagocytosis assays were poor inhibitors of the immune enhancement, suggesting that pili are not non-specific inhibitors of phagocytosis (Table 2) .
D I S C U S S I O N
The results suggest that anti-pilus antibodies are the main opsonins for the one DGI and the two non-DGI strains of N . gonorrhoeae tested. When whole organisms (strains F62 and B) were used to immunize rabbits, antibodies were produced against each of three major surface components -POMP, pili and LPS -and this antiserum was opsonic. Its opsonic activity was significantly reduced by competitive inhibition primarily with antigenically homologous pili, and to a lesser extent with homologous LPS (Tables 1, 2 and 3). When opsonic activity was compared with antibody levels against specific antigens (Table 4) , the degree of opsonic activity of each antiserum for these three strains correlated most closely with the anti-pilus antibody levels. Furthermore, purified anti-pilus antibody of each strain was highly opsonic, and produced immune-enhanced phagocytosis 2-7-to 16-fold higher than normal rabbit serum ( Table 5) .
These experiments suggest that pili are an important antigen to be included in any vaccine designed to produce opsonic antibody. Still unresolved is the relative importance of antigenic heterogeneity of pili. For example, what will be the effect of human antiserum to F62 pili upon the phagocytosis of gonococci possessing pili that differ antigenically from F62 pili? This question will be best answered using human polymorphonuclear leucocytes in a quantitative assay of phagocytosis.
